A dressed-state rate-equation model is used to describe the Autler-Townes effect that is produced by a resonant 100% amplitude-modulated field driving a two-level resonance. The purpose of using this model is to give an intuitive interpretation of the rather complex absorption spectra that are produced when a weak probe field couples this strongly driven transition to a third atomic state. We obtain analytic expressions for the positions, strengths, and widths of the components of the absorption spectra, which are in excellent agreement with experimentally obtained spectra presented in the accompanying paper ͓S. Papademetriou, following paper, Phys. Rev. A 53, 997 ͑1996͔͒.
I. INTRODUCTION
When a sufficiently intense monochromatic laser field drives a two-level atomic resonance the resonant coupling changes the atomic structure by strongly mixing the upper and lower levels. This change is evident in the well-known three-peaked fluorescence spectrum of such an atom ͓1-4͔. If one of the resonantly coupled levels is probed by tuning a second low-intensity laser in the vicinity of the transition frequency between this resonantly coupled level and a third level in the atom, the Autler-Townes doublet spectrum is observed ͓5-12͔, similarly demonstrating the effect of the intense resonant laser field on the atomic levels.
The three-peaked fluorescence spectrum and the doubly peaked Autler-Townes spectrum are conveniently understood in terms of a dressed-state formalism ͓13-15͔ in which one finds the eigenstates of the atom coupled to the strong resonant field and then calculates the spectrum for transitions both among and to these dressed states. The resonant coupling splits the bare or uncoupled states by an amount proportional to the strength of the field, the Rabi frequency.
The nature of the dressing is quite dependent on properties of the strong resonant field. Some experiments have been performed studying the effects, on the driven atom, of finite laser bandwidth ͓16 -19͔ and phase jumps ͓20͔. Recently, an experiment has been carried out studying the fluorescence spectrum in a case in which the intense resonant field is not monochromatic but instead is bichromatic in the form of an amplitude-modulated ͑AM͒ field with the resonant carrier suppressed ͓21͔. The spectrum was much more complex with many lines of various strengths separated by the modulation frequency. The number of peaks in the spectrum increased with increasing field strength and the widths of neighboring peaks in the spectrum were observed to alternate between narrow and broad.
Subsequent theoretical analyses of the fluorescence spectrum ͓22͔, using the Bloch-vector formalism ͓23-25͔ and the dressed-state approach ͓26͔, have been able to qualitatively account for the observed phenomena. The dependence of the strength of individual lines and the number of components in the spectrum on the single-field or time-averaged Rabi frequency was reproduced. The nonlinearities introduced by the intense driving field were seen to cause harmonics of the modulation frequency to manifest themselves in a nontrivial fashion in variables related to atomic observeables, such as the fluorescence spectrum.
The widths of neighboring peaks in the spectrum of the inelastically scattered light were predicted to alternate as functions of the field strength. In addition, at every odd peak in the spectrum an elastically scattered subharmonic of the modulated driving field ͓27͔ contributes to the experimentally observed linewidths. The experiment of Zhu et al. was unable to resolve these contributions to the linewidths.
The Autler-Townes spectrum is a direct probe of the strongly driven atomic resonance that avoids the complication of the elastically scattered spectral components. In the following paper we report a measurement of the AutlerTownes absorption spectrum for an intense 100% AM driving field ͓28͔. In the saturating regime the observed linewidths may be interpreted solely in terms of transition rates between dressed levels.
In this article we present a dressed-state calculation of the Autler-Townes absorption spectrum that offers an intuitive interpretation of the location and widths of the many peaks in the spectrum. We calculate an analytic expression for the spectrum for a number of three-level atomic configurations.
II. ATOM-PLUS-FIELD SYSTEM
Initially, we consider a beam of atoms with two nondegenerate energy eigenstates, a ground state ͉a͘ and a dipoleconnected excited state ͉b͘, which has a natural width ⌫ b and is situated ប ba above ͉a͘ in energy. This beam is irradiated at right angles by an intense bichromatic laser with equal amplitude modes of frequency L Ϯ␦, which henceforth we shall refer to as the Ϯ modes ͑see Fig. 1͒ . The atoms interact with the laser field for a time T that is much greater than the natural lifetime ⌫ b Ϫ1 of the excited atomic state, i.e., ⌫ b Tӷ1.
We set the ground-state energy of our system equal to zero for convenience and consider only the case in which the average laser frequency is equal to the atomic resonance frequency L ϭ ba . We assume that the Ϯ modes are largeamplitude coherent states for which the initial average num- The bare states of this system are the eigenstates of the uncoupled atom-plus-field Hamiltonian
where bb is the atomic projection operator for the state ͉b͘ and â Ϯ (â Ϯ † ) are the annihilation ͑creation͒ operators for the quantized Ϯ field modes. These states can be written as product states ͉␣,N ϩ ,N Ϫ ͘, where ␣͕a,b͖ labels the atomic state and N Ϯ ͕0,1,2, . . . ͖ designate the number of photons in the Ϯ field modes. The bare eigenenergies can be found from the solutions of the eigenvalue equations
It is evident from the above equations that the set of states as suggested by the eigenvalue equation
and orthonormality condition
of the uncoupled system. It is useful to note that manifolds with an even number of excitations (2N) and those with an odd number of excitations (2Nϩ1) are distinct, i.e., ͉2N,0͘ϭ͉a,N,N͘ while ͉2Nϩ1,0͘ϭ͉b,N,N͘, and we should anticipate the need to consider them separately in our treatment to follow. In the electric-dipole and rotating-wave approximations the atom and the laser fields are coupled by the interaction Hamiltonian
where ϩ ( Ϫ ) is the atomic raising ͑lowering͒ operator and ⍀ 0 is the vacuum Rabi frequency, which we assume to be real. V AL represents energy conserving processes and therefore only couples states within a given manifold. The nonzero interaction matrix elements can be shown to couple only neighboring states 
͑2.8b͒
In the E N manifold the interaction matrix elements range in magnitude from ប⍀ 0 /2 to ប⍀ 0 ͱN/2. If the number of photons scattered from the laser field, which is of the order ⌫ b T, is much smaller than the range over which the average number of photons in the Ϯ modes is relatively constant, i.e., ͱN 0 ӷ⌫ b T, then we may neglect the variation in the magnitude of the interaction matrix elements within and among neighboring manifolds and set them equal to ប times half the classical single-field Rabi frequency ប⍀/2ϵប⍀ 0 ͱN 0 /2. We further assume that the manifolds about the E 2N 0 , where the initial state of the system is centered, are effectively infinite dimensional.
In the E N subspace the coupled atom-plus-field Hamiltonian Ĥ AL ϭĤ 0 ϩV AL can therefore be represented in the bare basis by the matrix Ĥ AL ϭE N ÎϩបM , where Î is the identity matrix and
͑2.9͒
The dressed states and energies are the eigenstates and eigenenergies of Ĥ AL that follow directly from the eigenvectors and eigenvalues of the symmetric tridiagonal matrix M . The eigenvalues of M are found by solving the characteristic equation det͓ M ϪÎ͔ϭ0. The periodicity along the diagonal of the infinite dimensional matrix M suggests that det͓ M ϪÎ͔ϭdet͓ M Ϫ(ϩm␦)Î͔, where m͕0,Ϯ1,
ϩm␦ are also eigenvalues. The symmetry of M implies that TrM ϭ0 or, equivalently, that the sum of the eigenvalues of M is zero such that (0) ϭ0 and (m) ϭm␦. The dressed energies are therefore
The corresponding dressed states ͑represented with rounded kets͒ are found from the eigenvalue equation
where ͉N,m) can be expanded in the bare basis
Equations ͑2.11͒ and ͑2.12͒ lead to the three-term recurrence relation
The Bessel function recurrence relation ͓30͔
suggests that
It can be verified with the use of well-known Bessel function identities ͓30͔ that
͑2.18͒
It is evident from Eqs. ͑2.5͒ and ͑2.17͒ that the bare and dressed energy spectra are identical for a two-level resonance dressed by a bichromatic field with equal amplitude modes and a resonant average frequency ͑Fig. 3͒. If the mode amplitudes are imbalanced and/or the average frequency is detuned from resonance, then in the limit of effectively infinitedimensional manifolds the periodicity of M suggests that the spectrum then consists of pairs of eigenvalues separated by 2␦, i.e., (i,m) 
and (1) will in general depend upon the field strengths and detunings. Signatures of this eigenspectrum have been recently observed in the Autler-Townes absorption spectrum with a fully AM pump field and a detuned average frequency ͓28͔.
III. DRESSED-STATE TRANSITION RATES
We now consider the interaction of the dressed atom with the empty modes of the electromagnetic field in order to calculate the spontaneous transition rates from the dressed states. This coupling induces changes in the atomic state from ͉b͘ to ͉a͘ while leaving unchanged the number of photons in the laser fields. Given that the dressed states are nondegenerate ␦ӷ⌫ b , the transition probability per unit time between two states is proportional to the square of the dipole moment connecting the states. This can be shown to be nonzero only between states in neighboring manifolds as the atom scatters laser photons into the empty modes of the field. With Eqs. ͑2.4͒ and ͑2.16͒ and Bessel function summation formulas ͓30͔ the dipole moment connecting ͉2Nϩ1,m) to ͉2N,mЈ) can be calculated to be m Ј m ϭ͑2N,mЈ͉ ͉2Nϩ1,m͒
The transition rate from ͉2Nϩ1,m) to ͉2N,mЈ) is therefore
Similarly, the dipole moment connecting ͉2N,m) to
such that the transition rate from ͉2N,m) to ͉2NϪ1,mЈ) is
͑3.4͒
The total transition rate out of ͉2Nϩ1,m) is then given by
and the total transition rate out of ͉2N,m) is given by
From the definition of the dressed states it can be seen that states with a greater contamination of the excited state ͉b͘ are more unstable than others, as expected. It is clear from Eqs. ͑3.5͒ and ͑3.6͒ that, unlike in the case of a monochromatic laser field, the dressed-state transition rates differ between manifolds of even and odd numbers of excitations. The dynamics of even and odd manifolds should therefore be treated separately in order to properly characterize an atom dressed by a 100% AM field as we anticipated in Sec. II. This distinction has recently been made in the literature ͓26͔.
IV. DRESSED-STATE POPULATIONS
The rates of change of the dressed-state populations may be described by population rate equations in the secular limit (␦ӷ⌫ b ) of the master equation describing the evolution of the dressed-atom density operator AL (t) ͓15͔. 
͑4.2b͒
The above infinite set of coupled first-order differential equations appears rather intractable, but fortunately in our calculation of the absorption spectrum we will only require knowledge of the sums of all the populations of levels with the same total transition rates or natural widths in the dressed basis.
There are two characteristic dressed-state natural widths, which we define as ⌫ ϩ ϵ⌫ 2m ϭ␥ 2mϩ1 and ⌫ Ϫ ϵ⌫ 2mϩ1 ϭ␥ 2m , such that
If we define the reduced populations
;t͒ϩ⌸ 2mϩ1 ͑2N;t͒, ͑4.4a͒
where P Ϯ are the total populations in states with widths ⌫ Ϯ , then Eqs. ͑4.2͒ reduce to
where we have defined
These equations can be solved simply in the quasistationary regime to which we have restricted our consideration (ͱN 0 ӷ⌫ b Tӷ1) to give
From Eqs. ͑4.5͒ we see that in the steady state the number of transitions from states with a width ⌫ ϩ to those with a width ⌫ Ϫ is balanced by the number of transitions in the opposite direction to achieve a condition of detailed balance. It can also be shown that in the steady state the total population in manifolds of an even or odd number of excitations approach 1/2, as do the sums of populations of dressed states ͉N,m) with even and odd quantum numbers m.
V. ABSORPTION OF A WEAK PROBE
We now introduce a third atomic state ͉c͘ with a natural width ⌫ c , which is situated ប cb above ͉b͘. We assume that cb is not degenerate with any frequencies in the dressed system and that the modulation frequency is large compared to ⌫ c . If we perturbatively dipole couple ͉c͘ to ͉b͘ with a weak monochromatic probe laser field we can neglect any broadening or frequency shifts. The probe laser will induce changes in the atomic state from ͉b͘ to ͉c͘ while the number of photons in the AM field will remain unchanged.
The states ͉c,N ϩ ,N Ϫ ͘, which are coupled to the dressed manifolds of states form degenerate manifolds of states themselves. It can be shown from dipole selection rules that only states ͉c,Nϩl,NϪl͘, from what we shall label as the E c,2Nϩ1 manifold, can couple to states within the E 2Nϩ1 manifold and only states ͉c,Nϩl,NϪlϪ1͘ within the E c,2N manifold can couple to states within the E 2N manifold, where l͕0,Ϯ1,Ϯ2, . . . ͖ ͑see Fig. 4͒ .
To first order in the probe interaction the steady-state cross section, as a function of the probe frequency, for absorbing a photon and causing a transition from a dressed state in the E N manifold to a state in the E c,N manifold is proportional to the product of the population difference between the two states and the square of the dipole moment between the two states with a width equal to the sum of the widths of the two states ͓31͔. The cross section in the steady state as a function of the probe laser frequency is therefore
where we have calculated the dipole matrix elements ͑ 2Nϩ1,m͉ ͉c,Nϩl,NϪl͘ϭ bc J mϪ2l ͑⍀/␦͒, ͑5.2a͒
and represented the normalized Lorentzian with a full width at half maximum ͑FWHM͒ of ␥ϩ⌫ c centered about
The frequency separation of the states ͉c,Nϩl,NϪl͘ and ͉2Nϩ1,m) is cb ϩ2l␦Ϫm␦ and the separation of the states ͉c,Nϩl,NϪlϪ1͘ and ͉2N,m) is cb ϩ(2lϩ1)␦Ϫm␦, where m,l͕0,Ϯ1,Ϯ2, . . . ͖. The probe laser will therefore be resonant with an infinite number of independent (2␦ӷ⌫ b ,⌫ c ) transitions for any frequency p Ϸ cb ϩk␦ where k͕0,Ϯ1,Ϯ2, . . . ͖ ͑see Fig. 4͒ . If we consider a given probe frequency p Ϸ cb ϩ2k␦, then the steady-state absorption cross section about this resonance can be written
where we have made use of Eqs. ͑4.4͒ and represented the constant factors by ␣. Similarly for a probe frequency p Ϸ cb ϩ(2kϩ1)␦ the steady-state absorption cross section is
The total absorption cross section as a function of the probe field frequency is therefore
We have used the condition that all of the transitions are well separated (␦ӷ⌫ b ,⌫ c ) in order to incoherently sum the individual cross sections above. The above expression suggests a simple labeling scheme for the absorption resonances whereby the resonance at p ϭ cb ϩk␦ is labeled the kth resonance.
The system we have used above corresponds to a threelevel cascade. In a similar manner the absorption cross section can be calculated for the analogous transition in a ⌳ or V system or for the lower transition of a three-level cascade, the upper transition of which is being resonantly driven by the AM field. The spectra of the absorption cross sections will retain the same form as Eq. ͑5.6͒, but the population differences, dipole moments, and linewidths will vary depending upon the particular configuration. For example, if the probe coupled the unstable state ͉c͘ to state ͉a͘ instead of to state ͉b͘, in a V configuration, then the even and odd resonances would switch widths and population weightings, while the oscillator strengths of resonances would remain unchanged. For the other two cases the population would be pumped into or remain in the third level so that all the resonances would have equal population weightings such that line strengths would be directly observable from the peak heights in the absorption spectrum.
VI. DISCUSSION
In Fig. 5 we have plotted the expression in Eq. ͑5.6͒ for the AM Autler-Townes absorption spectrum. We have used experimentally realistic parameters corresponding to the 3S 1/2 ↔3 P 3/2 ↔4D 5/2 three-level cascade in Na such that ⌫ b /2ϭ10 MHz and ⌫ c /2ϭ3.15 MHz with a modulation frequency ␦/2ϭ40 MHz. These spectra show excellent agreement with plots generated by a matrix continuedfraction steady-state solution of the three-level optical Bloch equations with a strong fully AM pump field and weak probe field. The agreement improves for large values of the ratio ␦/⌫ b , which we have assumed in our calculation. We have also compared our solution to recently obtained experimental observations of the Autler-Townes effect for an atom in an AM field and have found very good qualitative and quantitative agreement ͓28͔.
In Fig. 4 we see that the absorption spectra consist of many resonances always separated by the modulation frequency. For increasing pump intensities the number of absorption resonances increases. In fact, for a given Rabi frequency all of the absorption resonances lie within a frequency range approximately equal to what would have been the peak separation of the Autler-Townes spectrum for an unmodulated pump 2⍀. There will therefore be roughly 2⍀/␦ resonances.
We have plotted the absorption spectrum for a large value of ⍀/␦ϭ20 along with the envelope of the values of the peak oscillator strengths J ⌬ p /␦ 2 (⍀/␦) in Fig. 6 . We see that in the limit of ⍀ӷ␦ the population weightings P Ϯ approach 1/2 and spectrum is well described by peaks of aproximately equal width at the integer values of kϭ⌬ p /␦ with strengths nances the probe only interacts with dressed states with widths ⌫ ϩ and for odd resonances the probe interacts with ⌫ Ϫ dressed states only.
We can gain further insight into the effect of an intense fully AM pump field on a two-level resonance by integrating the expression in Eq. ͑5.6͒ over the frequency range of the probe laser to obtain the total integrated absorption cross section. This can be shown to be proportional to the steadystate population of the atomic state ͉b͘ averaged over a modulation period, i.e., In this expression, which we have plotted in Fig. 7 , we see evidence of the subharmonic Rabi resonances where the ability of the driven atom to absorb the probe is maximized to the saturation level ͓32͔. These resonances occur at the zeros of J 0 2 (2⍀/␦) where dressed-state transition rates are equal ⌫ Ϯ ϭ⌫ b and hence the populations P Ϯ ss become equal. At each resonance another higher-order parametric absorption process becomes significant; another harmonic of the modulation frequency appears and more peaks arise in the probe spectrum.
VII. CONCLUSION
In conclusion, we note that we have obtained an analytic expression, via the dressed state formalism, for the 100% AM Autler-Townes spectrum in the intense field limit when the modulation frequency is much greater than the natural width of the strongly driven transition. Within this formalism we have found a simple interpretation of the absorption spectrum in terms of transitions between dressed states and uncoupled bare states.
